Abstract -Multiphase isolated dc-dc converters allow current sharing among phases and high-frequency ripple cancellation and are very desirable for low-voltage high-power fuel cell applications. The three-phase dc-dc converters particularly are getting more attention because they share the same circuit structure as the conventional three-phase dc-ac inverters, and they have been reported to have high-efficiency operation. This paper is to compare the similarities and differences between two soft-switched three-phase dc-dc converters: one with three phase legs and the other with six phase legs. This paper will describe basic operating principle of these two multiphase dc-dc converters and compare their performance for a low-voltage, high-power fuel cell application. Two 5-kW converters have been built and tested with a fuel cell simulator. Experimental switching waveforms and efficiency profiles are shown to support the described basic principles. Major features and differences between these two converters will be discussed.'
I. INTRODUCTION
For stationary and auxiliary vehicle power applications, fuel cells were found mostly with low-voltage output such as 25 and 50 V and the power level was found to be 3 to 10 kW [1, 2] . An isolated dc-dc converter is needed as the first-stage voltage boost and galvanic isolation. For a typical 5 kW stationary fuel cell power plant, the dc-dc converter input inevitably sees more than 200 A for 24-V and 100 A for 48-V systems. In order for the subsequent-stage inverter output to be supplying the ac load or connected to utility grid, a high voltage conversion ratio is required to boost the output voltage to either 200 V or 400 V for the dc-ac inverter to produce 120 V or 240 V ac output, respectively.
With high current and high voltage conversion ratio, multiphase isolated dc-dc converters are considered because they allow device current sharing among difference phases and various configurations such as a three-phase A-Y to double the output voltage. It should be noticed that a threephase converter allows the transformers to be configured in Al This work is sponsored by the U.S. Department of Energy (DOE) National Energy Technology Laboratory (NETL) Solid-State Energy Alliance Program (SECA) under Award Number DE-FC26-02NT41567.
A, A-Y, Y-Y, or Y-A to obtain different output voltage levels with low turns-ratio design to reduce the leakage inductance. In addition, the interleave operation of multiple phases allows high-frequency current ripple cancellation and thus allowing the input capacitor and output inductor size reduction. Thus despite complexity in control circuitry, potential cost saving on passive components through ripple cancellation and efficiency improvement through parasitic loss reduction are attractive for high-power applications. For low-voltage highpower fuel cell applications, the saving is even more significant because of large input current involved. Fig. 1 shows an SOFC power conditioning system for stationary power applications. The dc-dc converter contains a switch stage, a transformer stage, and a rectifier and filter stage. The case study in this paper is to have a fuel cell voltage of 50 V and an output power of 5 kW. The converter is designed to produce 400 V dc output for the dc-ac inverter to produce 240 V ac output, respectively. A midpoint voltage of 200V is embedded to allow production of half the voltage output, i.e., 200V dc and 120 V ac. Among different soft-switching techniques, full-bridge converter with phase-shift modulation (PSM) has been the favorite. However, for the full-bridge phase-shift converter, the zero-voltage switching (ZVS) can only be achieved over a limited load range. Fundamentally, for a full-bridge to achieve high frequency switching for the reduction of passive components while maintaining high converter efficiency, soft switching is necessary. A relatively large leakage inductance is normally needed for soft switching, and it tends to reduce the effective duty cycle, thus increasing the conduction loss, which is objectionable in a high-current situation. Past efforts have focused on solving this problem. Example solutions are to add a saturable core as a variable inductance for a wide range ZVS and to add auxiliary switch for zero-current switching (ZCS) condition [3] [4] [5] .
Multiphase phase-shift dc-dc converter allows the outgoing phase current to be reset to zero, and thus naturally achieving ZCS. Several multiphase dc-dc circuits have been proposed for high-voltage input and low-voltage output such as telecommunication applications [6] [7] [8] . The primary side of these circuits carries much less current than that of the secondary, thus adding a series resonant capacitor in [7] does not cause a problem because it is not difficult to find appropriate capacitor to handle high rms current. In reference [8] , a three-phase soft-switching converter was proposed to utilize asymmetrical modulation scheme to avoid the use of high-current resonant capacitor on the primary. Such a soft switching without adding extra resonant component is attractive for high-power applications because of potential efficiency improvement without cost penalty. This three-phase dc-dc converter can be considered as three half-bridge converters interleaved with 120°phase shift among them. The main concern is the circulating current among different phases. Any mismatch transformer windings or three phase clocks can cause circulating current. A six phase-legs dc-dc converter, known as V6 converter, was proposed to have three individual full-bridge converters so the primary transformer windings are all isolated [9] . The major drawback to the V6 converter is its complexity in control and gate drive circuits which, however, is a small cost item in high-power converters and is normally not a major concern in large-quantity production. With recently available enhanced pulse-width-modulation (e-PWM) type digital signal processor (DSP), the control complexity should no longer be a problem.
With promising performance of multiphase dc-dc converters shown in [7-1 1] , it is worth of looking into the similarities and differences between three phase-legs and six phase-legs. This paper will describe basic circuit operation of these multiphase dc-dc converters and compare their performance for a lowvoltage (50V), high-power (5kW) fuel cell dc-dc converter.
Two converters have been built and tested with a fuel cell simulator. Experimental switching waveforms and efficiency profiles will be shown to support the described basic principles.
II. BASIC OPERATION OF MULTIPHASE DC-DC CONVERTERS
Two converters are evaluated. First converter is a threephase, three half-bridge, Y-Y transformer isolated, asymmetrical duty cycle converter, and it is referred as "V3" from this point on. Second converter is a three-phase, three full-bridge, A-Y transformer isolated, phase-shift modulation converter, and it is referred as "V6" from this point on.
A. Circuit Topology and Control
Figs. 2 and 3 show the schematic circuit diagram of a V3 converter and its control signals, respectively. The V3 converter consists of six switches to form three half-bridge phase-legs, three transformers in Y-Y configuration, a threephase full-bridge rectifier, and LC filter.
With traditional pulse-width modulation using symmetrical duty cycle, the converter operates in hard switching. However, three-phase asymmetrical pulse-width-modulation control signal is adopted in order to reduce switching loss, as shown in Fig. 3 . Each phase leg control signals are interleaved with 1200 phase shift among them. Upper and lower switches turn on and off complementarily. This control method allows the converter operates much like the phase-shift modulation in a full-bridge dc-dc converter. When a switch is turned off, energy in transformer leakage inductance charges and discharges appropriate power switch output capacitance. Once respective capacitors are fully charged and discharged, remaining current starts to flow in the anti-paralleled diode. At this time, opposite side device can be turned on with zerovoltage across the device.
This control technique allows soft switching without adding extra resonant components or semiconductor devices, and it is attractive for high-power applications because of potential efficiency improvement without cost penalty. In V6, phase-shift modulation control is implemented. Upper and lower switches in a phase leg are operated 1800 out of phase with respect to one another, at 50% duty cycle. Output voltage control is achieved by phase-shifting the switches in lagging leg, with respect to the leading leg. Each full-bridge control signals are interleaved with 1200 phase shift among them. Like a conventional full-bridge converter, V6 is capable of soft-switching. Detailed soft-switching method is covered in a later section. shown in Fig. 4 , is configured in A-Y connection to take advantage reduction on transformer turn ratio and thus the leakage inductance.
In an ideal case, when 1 pu voltage is applied to one transformer input and 1 pu voltage is applied to the other, 2 pu voltage is imposed on the secondary output. For example, if VA1A2 = 1 pu and VB1B2 = -1 pu, then sum of two secondary transformer output is Vxy = 2 n pu, which is twice the single- Different turn ratios and three-phase transformer configurations can be used to adapt to different voltage levels. Table I lists transformer turn ratio and configuration to achieve 200 V and 400 V output from 25 V and 50V. 6 
B. Transformer Setting Comparison
In fuel cell distributed generation system, a dc-dc converter serves as an interface between a low voltage source and dc-ac inverter. The converter must be able to provide electrical isolation from utility grid for safety reasons and a high voltage conversion ratio. For a dc-ac inverter to produce 120 V or 240 V ac output, converter output voltage needs to be higher than 200 V or 400 V, respectively.
A high transformer turn ratio is required to provide a high conversion ratio. For example, 1:16 turn ratio is needed for 25 V input and 400 V output in ideal case; however, high turn ratio is not desired since it causes large leakage inductance. Although leakage inductance is needed for soft switching, it tends to reduce the effective duty cycle, thus increasing conduction loss, which is objectionable in a low-voltage highcurrent situation. A three-phase converter allows the transformers to be configured in A-Y to obtain high output voltage levels with low turns-ratio design to reduce the leakage inductance.
V3 converter, as shown in Fig. 2 Fig. 7 , and three operating regions can be identified based on duty cycle: O<D<1/3, 1/3<D<2/3 and 2/3<D<1.
The regions of O<D<1/3 and 2/3<D<1 operate under the same operating principles. This mode is called a regulated converter mode, where duty cycle controls output voltage. When duty cycle increases from 0 to 1/3, output voltage increases linearly from 0 to 1. Also, when duty cycle increases from 2/3 to 1, output decreases linearly from 1 to 0. In this mode, there is a time during a switching period when all the upper or lower switches are on, which creates freewheeling period, and the voltage across all the primary transformer terminals are zero. Thus, after the rectification, output waveform is a square waveform, and the output is the average of square waveform.
Second operating mode is identified where conversion ratio remains the same regardless of duty cycle. It can be called a dc-dc transformer mode, since output voltage is proportional to the input voltage. In this mode, at least one primary transformer terminal transfers input voltage to the output side throughout a switching period.
When the secondary transformer voltages are rectified, output is overlapped to shape a dc rail, thus ideal voltage transferred to the output is constant n VIN throughout a period. Therefore, the average output voltage is uncontrollable via duty cycle and is always equal to VOUT = n'VIN, where n is transformer turn ratio. This dc-dc transformer characteristic is exhibited from 1/3 duty cycle to 2/3 duty cycle.
Detailed operating mode explanation with waveforms is available in reference [8] . III. EFFICIENCY EVALUATION Overall converter system power losses can be attributed to conduction losses, switching losses, and magnetic losses. The conduction losses include power switch conduction loss, diode conduction loss, transformer copper loss, inductor copper loss, capacitor ESR loss, and other stray resistive losses. The switching losses include power switch switching loss and diode turn-off loss. The magnetic losses include transformer and inductor core loss.
A. Switching Losses and Soft-Switching Method
Hard device switching causes significant switching noise and energy losses. In an application where high frequency is required to reduce passive component size, switching energy loss can be more problematic since energy loss is proportional to switching frequency. In order to achieve high frequency switching and to improve converter efficiency, soft switching is necessary.
Unlike a full-bridge phase-shift converter, both V3 and V6 can inherently achieve soft switching using transformer leakage inductance without adding any additional components. One of shortcoming of a full-bridge phase-shift converter is zero-voltage-switching (ZVS) requires a relatively large leakage inductance, and ZVS can only be achieved over a limited load range.
However, multiphase converter overcomes this limitation and achieves a wider range of softswitching.
V3 achieves ZVS on all switches during turn on throughout a wider duty cycle range. Experimental waveforms are shown for 25% duty cycle and 50% duty cycle in Figs. 9 and 10, respectively. Compared to full-bridge phase-shift converter, V3 can achieve ZVS at a lighter condition with less leakage inductance per phase because it involves two transformer leakage inductances in series. During switching, energy in leakage inductance in other phases is utilized for softswitching in addition to the switching phase. V6 can accomplish zero-current-switching (ZCS) and zerovoltage-zero-current-switching (ZVZCS), in addition to the zero-voltage switching (ZVS). Experimental waveform is shown in Fig. 11 . The waveforms show that lagging leg switches are operating under ZVS condition, and leading leg switches operate under ZCS. In a conventional full-bridge converter, phase current would continuously flow. But with three-phase structure, current is reset by other two phases, and the zero-current switching condition for the leading leg is naturally created without additional resetting circuitry.
Along with switching losses, conduction losses significantly contribute to overall losses. Conduction losses become even a bigger loss factor in a low-voltage high-current application. When converters are rated on the same power level, if converter input voltage is high, then device switching losses could be a dominant factor, whereas conduction loss can be of less concern due to the relatively low current. In this case, soft-switching technique provides a way to reduce switching losses. In a low input voltage system, such as fuel cell power conditioning system, conduction loss is the dominant factor, because of high current. It is especially true, since resistive loss is proportional, but conductive loss is second order of flowing current, P= 12R. In order to achieve high efficiency, resistance of the current flow path should be lowered, and rms current should be the same as the output current.
In V3, rms current is significantly larger than output current due to circulating current. Circulating current is an additional current to output current where it flows among phases and does not deliver energy to secondary output. The circulating current is due to transformer primary inductance mismatch, large leakage inductance, and/or 120°phase interleave timing error. Fig. 12 shows a typical circulating current path. Tables II and III summarize soft-switching mode for V3 and V6 converters, respectively. In majority of cases, softswitching is achieved, and switching loss is significantly reduced. Note that the turn-off condition is not considered as soft switching in most cases unless a resonant capacitor is added across the switch. However, some operating modes in V6 converter can achieve ZCS because the current is reset to zero by other phases. In V6 converter, however, the circulating current is within self-contained full bridge and can be reset to zero by other phases. Fig. 15 96.5 % at 3 kW. Both converters show excellent efficiency; however, asymmetrical duty cycle operated V3 converter shows a lower efficiency, which is likely caused by the circulating current and higher rms current caused by a higher leakage inductance due to higher transformer turns ratio. The circulating current reset mechanism allows V6 converter to operate at ZVZCS, which should help boost the efficiency. The efficiency profile clearly indicates that the two converter light-load efficiencies are almost the same because the conduction loss is not dominating. The V3 converter efficiency drops faster than V6 converter after its peak. For the same output current, the switch rms current in V3 is much higher than V6 and efficiency rapidly drops further down due to higher conduction loss. In this paper, multiphase transformer isolated dc-dc converter for low-voltage high-power fuel cell are comparatively studied. Two major features of multiphase dcdc converters are found as follows. First, the increase of converter power rating is by sharing current with multiple phases, not by paralleling multiple devices. Second, significant size reduction of output filter and input dc bus capacitor is achieved with interleaved operation.
Basic operation and control method are reviewed for three half-bridge, asymmetrical duty cycle converter (V3) using Y-Y three-phase transformer configuration, and three full-bridge, phase-shift modulation converter (V6) using A-Y three-phase transformer configuration to achieve voltage doubler effect, which lowers the transformer turns ratio and leakage inductance. The three-phase transformer connection can be reconfigured to adapt to other output voltage levels without changing the transformer.
In the case of soft-switching, V3 achieves a wide range of ZVS due to doubling effect of the transformer leakage inductance. V6 achieves both ZVS and ZVZCS because the circulating current is reset to zero by other phases. In the case of conduction loss, the V3 converter suffers from circulating current and thus lowering the efficiency under heavy load conditions. The V6 is free from circulating current and maintains high efficiency in a wide range of loads and peaks right above half-load with 96.5% efficiency.
To conclude, both 3-phase half-bridge and 3-phase fullbridge dc-dc converters can operate in soft switching conditions, and are both suitable for fuel cell applications with their high-frequency ripple cancellation, small filter size, and high efficiency operation. However, the 3-phase full-bridge (V6) converter is highly recommended because it avoids the circulating current and maintains high efficiency over a wide range. These multiphase converters are also suitable for other low-voltage sources, such as batteries and photovoltaics for high-voltage conversion ratio and high power applications.
